Parkinson's disease (PD) may be caused by a complex interaction of environmental insults and genetic susceptibilities. Previous studies of DJ-1-deficient mice have noted dopaminergic dysfunction mainly in older mice. To simulate the interaction of genetic factors and environmental factors, we treated DJ-1-deficient mice with paraquat. Even in relatively young mice, this combination produced dopamine loss and motor dysfunction. To determine the potential mechanism for the dopaminergic dysfunction, we investigated the proteasome function and ubiquitinated protein levels. DJ-1-deficient mice treated with paraquat showed decreased proteasome activities and increased ubiquitinated protein levels. To further investigate the mechanism of proteasome dysfunction, ATP levels and subunit protein levels of 19S ATPase Rpt6 and 20S b5 were measured and noted to be decreased in the ventral midbrain, but not in the striatum. Finally, a transcription factor, Nrf2 that has been previously shown to be regulated by DJ-1 and to regulate 20S b5 levels was decreased. These pathologies were not observed in brain regions of normal mice treated with paraquat. In conclusion, this study raises the possibility that environmental and genetic factors might cooperatively involve the mechanisms underlying proteasome impairment in PD brains.
INTRODUCTION
Parkinson's disease (PD) is the second most common idiopathic progressive neurodegenerative disorder and affects 1-2% of the population over the age of 65, further increasing in incidence at older ages (1) . Most cases of PD are sporadic and the familial forms of PD account for less than 10% of total cases (2) . PD is pathologically characterized by a relatively selective loss (50 -70%) of dopaminergic neurons in the A9 area of human brain known as the substantia nigra pars compacta (SNpc) and a dramatic reduction of striatal dopamine levels (3) . An additional important pathological feature of PD is the presence of intracytoplasmic inclusions called Lewy bodies in the neuronal cell body and Lewy neurites in neuronal processes of the remaining dopaminergic neurons (4) .
The etiology of PD is not completely defined, although contributions of both environmental factors and genetic susceptibility have been demonstrated. In most cases, combination of these factors is suspected to play a role in the pathogenesis. Exposure to pesticides has been most consistently implicated as an environmental factor. In particular, epidemiologic reports suggest that the exposure to paraquat (methyl viologen, 1, 1 0 -dimethyl-4, 4 0 bipyridium dichloride), a bipyridyl herbicide widely used in agriculture is associated with the development of PD in humans (5 -7) . This hypothesis is supported by animal studies demonstrating that paraquat reproduces most of the hallmarks of dopaminergic pathogenesis of PD (8 -10) . Paraquat decreases dopamine levels and the number of dopamine neurons in the SNpc. Furthermore, paraquat increases protein levels of a-synuclein and the incidence of a-synuclein-positive aggregates in the ventral midbrain (VMB) or dopaminergic neurons of mice, respectively (11) .
DJ-1 is a highly conserved 189 amino acid protein, which belongs to the ThiJ/PfpI protein superfamily (12) and its mutations have been associated with an autosomal recessive form of early-onset PD (13) . DJ-1 is ubiquitously expressed in many tissues including the brain, where it is present both in neurons and glial cells (14, 15) . The functions of DJ-1 are not completely characterized, but recent studies suggest that it might serve as antioxidant, redox-sensitive molecular chaperone and transcription regulator (16 -19) . Importantly, knockdown or deletion of DJ-1 increases susceptibility to proteasome inhibition in cultured cells (20, 21) . In addition, the deletion of DJ-1 induces the aggregation of a-synuclein, whereas the overexpression of DJ-1 inhibits the formation of a-synuclein aggregates in cultured cells (22, 23) . Thus, these studies suggest that DJ-1 may affect protein clearance pathway including the proteasomal pathway.
The proteasome is a large multi-catalytic proteinase complex found in the nucleus and cytoplasm of eukaryotic cells (24, 25) . It degrades damaged, misfolded, mutated and unfolded intracellular proteins as the major protein quality control system of eukaryotes (26) . The impairment of proteasome function might lead to aberrant protein aggregation or accumulation, ultimately resulting in cell death (27, 28) . The decrease of proteasome activity is reported in PD brains (29, 30) . In addition, low levels of 20S a and 19S subunits are observed in dopaminergic neurons of PD brains (31) . These evidences have implied proteasome impairment in the pathogenesis of PD (32) .
Therefore, we addressed the combined effect of genetic and environmental factors in the pathogenesis of PD by using DJ-1-deficient mice treated with paraquat. Having found motor dysfunction and dopamine deficit in these animals, we focused the investigation on abnormal protein degradation pathway as a potential mechanism for the dopaminergic dysfunction. We examined proteasome activities, proteasome subunits and ubiquitinated protein levels, as well as factors that regulate the proteasome such as ATP and an oxidationsensitive transcription factor Nrf2 (nuclear factor erythroid 2-related factor).
RESULTS

Paraquat impaired the motor performance in DJ-1-deficient mice
We have previously found that motor performance deteriorates in aged DJ-1-deficient mice compared to wild-type mice, but the difference between the genotypes was not evident in younger mice (33) . Consistent with our previous data (33) , rotarod and open field test performances were similar in DJ-1-deficient mice and wild-type mice at the young age (6 months) tested. Interestingly, rotarod performance was impaired only in DJ-1-deficient mice treated with parquat ( Fig. 1A) , as measured by the duration that mice can stay on a rotating rod (P , 0.05, n ¼ 8). In contrast, wild-type mice were not affected by the current paraquat treatment paradigm. We also examined mice using the open field test, which showed similar trends of a synergistic effect of paraquat treatment and DJ-1 deficiency, although not at a statistically significant level (P ¼ 0.19 for horizontal movement, Fig. 1B and P ¼ 0.09 for vertical movement, Fig. 1C , n ¼ 8).
Paraquat decreased striatal dopamine content without dopamine neuron loss in DJ-1-deficient mice
The striatum is the major target region of VMB dopamine neuron and its dopamine content mostly reflects the dopamine vesicular storage in dopamine terminal. We examined how behavioral changes correlate with dopamine content in the striatum and dopamine neuron number in VMB. Consistent with our previous publication (33) , striatal dopamine level was higher in DJ-1-deficient mice than in wild-type mice.
Interestingly, paraquat treatment decreased dopamine level by 30% in DJ-1-deficient mice (P , 0.05, n ¼ 15). This effect was not seen in wild-type mice with the same paraquat treatment ( Fig. 2A) . It is of note that this 30% reduction of striatal dopamine in DJ-1 deficient mice reduced the neurotransmitter level similar to that of wild-type mice. Paraquat alone or in combination with manganese ethylenebisdithiocarbamate Figure 1 . Effect of paraquat on behavioral performances of DJ-1-deficient mice when compared with wild-type mice. The latency to fall in accelerated Rotarod was measured (A). Horizontal movement (B) and vertical movement (C) in open field were recorded. WS, wild-type mice exposed to saline; WP, wild-type mice exposed to paraquat; DS, DJ-1-deficient mice exposed to saline; DP, DJ-1-deficient mice exposed to paraquat.
Ã P , 0.01 when compared to DJ-1-deficient mice exposed to saline (n ¼ 8, each group).
has been reported to induce behavioral deficit, dopamine depletion and neuronal cell loss in a number of publications and the extent of the loss varies in different studies and with the age of the animals (9,34 -36) . In our present study, even though significant deficits in rotarod performance and striatal dopamine content were found, the dopamine neuron number in SNpc assessed by unbiased stereological cell counting did not decrease with paraquat treatment (P . 0.05, n ¼ 8, Fig. 2B ). Our data suggest that the behavioral and neurochemical consequences manifest before actual dopamine neuron degeneration. The dysfunction of dopamine neurons caused by the synergistic effect of paraquat and DJ-1 deficiency could contribute to these changes.
Paraquat decreased proteasome activities in the brain of DJ-1-deficient mice To understand the cellular dysfunction arising from interaction of the DJ-1 deficiency and paraquat exposure, we examined potential abnormalities in the protein processing machineries. The proteasome complex shows multiple peptidase activities including chymotrypsin-, trypsin-and peptidylglutamylpeptide hydrolyzing (PGPH)-like activities, which are responsible for protein cleavage at hydrophobic, basic or acidic residues, respectively (37) . To examine whether paraquat affects proteasome function in mouse brain, lysates of the striatum and VMB of DJ-1-deficient and wild-type mice treated with saline or paraquat were incubated with each specific fluorogenic substrate to measure chymotrypsin-, trypsin-or PGPH-like activity, respectively (Fig. 3 ). There was a significant effect of paraquat on proteasome activities (P , 0.005 for treatment effect by two-way ANOVA for all three types of activities), but no overall genotypic effect or interaction between genotype and treatment. Proteasome activities of VMB decreased by 30% in DJ-1-deficient mice treated with paraquat compared to the saline-treated group (P , 0.05 by post hoc test) ( Fig. 3D -F ). Proteasome activities in striatal tissue were not significantly altered by paraquat treatment or DJ-1 deficiency ( Fig. 3A -C ).
Paraquat increased ubiquitinated protein level in the brain of DJ-1-deficient mice
Ubiquitin plays an important role in tagging unnecessary or damaged proteins for degradation by the proteasome complex (38) and proteasome dysfunction leads to the abnormal accumulation of ubiquitinated protein (39) . Thus, experiments were performed to investigate whether paraquat affects the levels of ubiquitinated protein in mouse brain (Fig. 4) . Lysates of the striatum and VMB of normal and DJ-1-deficient mice treated with saline or paraquat were run on the gradient (4 -20%) Tris -HCl SDS gels and ubiquitinated proteins were detected with a rabbit polyclonal antiubiquitin antibody. There were significant effects of paraquat treatment, genotype and their interaction on ubiquitinated protein levels in VMB (P , 0.05 by two-way ANOVA). Whereas ubiquitinated protein levels of VMB were not influenced by paraquat treatment in wild-type mice nor by the absence of DJ-1 without paraquat treatment ( Fig. 4C and D), they increased significantly in paraquat-treated DJ-1-deficient mice compared to saline-treated DJ-1-deficient mice (259.3 + 4.7%, P , 0.05) or paraquat treated wildtype mice ( Fig. 4C and D) . Ubiquitinated protein levels in the striatum were not influenced by paraquat treatment or DJ-1-deficiency ( Fig. 4A and B) .
Paraquat decreased ATP level in the brain of DJ-1-deficient mice ATP is required for the binding of ubiquitinated protein to the proteasome 20S a ring, opening of gate of 20S a ring, followed by the translocation of unfolded proteins into 20S core by 19S ATPase subunits (40) . Therefore, ATP depletion could induce proteasome dysfunction accompanied by the aberrant accumulation of ubiquitinated protein (41, 42) . Figure 2 . Effects of paraquat on striatal dopamine content and dopamine neuron cell number in DJ-1-deficient and wild-type mice. Dopamine tissue contents in striatum were measured by HPLC (A). Dopamine neuron number in the substantia nigra pars compacta (SNpc) was assessed by unbiased stereological cell counting (B). WS, wild-type mice exposed to saline; WP, wild-type mice exposed to paraquat; DS, DJ-1-deficient mice exposed to saline; DP, DJ-1-deficient mice exposed to paraquat.
Ã P , 0.05 when compared to DJ-1-deficient mice exposed to saline (n ¼ 15, each group).
2902 Human Molecular Genetics, 2007, Vol. 16, No. 23 Given this possibility, experiments were conducted to examine whether paraquat affects ATP levels in mouse brain (Fig. 5) . ATP levels were measured in the lysates of the striatum and VMB of DJ-1-deficient and wild-type mice treated with saline or paraquat. There were significant effects of paraquat treatment on ATP levels in VMB of DJ-1 deficient mice (P , 0.05 by two-way ANOVA). Whereas VMB ATP levels were not influenced by paraquat treatment in wild-type mice or by the absence of DJ-1 without paraquat treatment (Fig. 5A) , it decreased significantly in paraquat-treated DJ-1-deficient mice when compared with saline-treated DJ-1-deficient mice (67.6 + 6.8%, P , 0.05) or paraquat treated wild-type mice (Fig. 5B) . ATP levels in the striatum were not influenced by paraquat treatment or DJ-1-deficiency.
Paraquat decreased the protein levels of proteasomal subunits and Nrf2 in the brain of DJ-1-deficient mice
To determine whether the proteasome activities are decreased due to lower levels of proteasome proteins, we examined WS, wild-type mice exposed to saline; WP, wild-type mice exposed to paraquat; DS, DJ-1-deficient mice exposed to saline; DP, DJ-1-deficient mice exposed to paraquat. Data are expressed as mean percentage of wild-type mice exposed to saline + SEM (n ¼ 9, each group). Ã P , 0.05 when compared to DJ-1-deficient mice exposed to saline.
Human Molecular Genetics, 2007, Vol. 16, No. 23 2903 selected subunits that are known to be important in overall proteasome activity. Low levels of 19S and 20S subunits of proteasome are found in PD patients (31, 32) and this pathology has been suggested to contribute to proteasome dysfunction. 19S ATPase Rpt6 is a regulatory subunit, whose oxidative modification decreases the capability of proteasome to remove ubiquitinated proteins (43) . The 20S b5 subunit of the proteasome is responsible for chymotrypsin-like activity, which is a rate limiting activity of proteasome (44, 45) and its expression is regulated by Nrf2 (46) . Thus, experiments were carried out to investigate whether paraquat affects the protein levels of proteasome subunits in mouse brain (Fig. 6) . Lysates of the striatum and VMB of DJ-1-deficient and wild-type mice treated with saline or paraquat were run on the gradient (4 -20%) Tris -HCl SDS gels and protein levels of 19S ATPase Rpt6, 20S b5 and Nrf2 were detected by Western blot analyses. There were significant effects of paraquat treatment on protein levels of 19S ATPase Rpt6, 20S b5 and Nrf2. In addition, there were significant interactions of paraquat treatment and genotype for 20S b5 subunit levels (P , 0.05 by two-way ANOVA). 19S ATPase Rpt6, 20S b5 and Nrf2 protein levels in paraquat-treated DJ-1-deficient mice were significantly decreased to 65.4 + 4.7% (P , 0.05, Nrf2), 70.6 + 4.5% (P , 0.05, 20S b5), and 53.9 + 6.4% (P , 0.05, 19S ATPase Rpt6) of those in saline-treated DJ-1-deficient mice in VMB ( Fig. 6F -H) . Neither paraquat treatment nor DJ-1 deficiency had a significant effect on protein levels of these subunits and Nrf2 in the striatum (Fig. 6C -E) .
DISCUSSION
Our data demonstrate that paraquat produces abnormalities in motor behaviors and loss of dopamine in DJ-1-deficient mice whereas neither paraquat nor DJ-I deficiency alone does. This is accompanied by an increase in ubiquitinated proteins and a decrease in proteasome activities in the VMB. The reduction in proteasome activities is associated with a decrease in the regulatory subunit levels of 19S ATPase Rpt6 and 20S b5 and as well as depletion of ATP, which is necessary for proteasome activity. Interestingly, we also note a decrease in Nrf2 levels. Nrf2 is a transcription factor that induces cytoprotective genes in response to various stressors (47) and is stabilized by DJ-1 (48) . In addition, Nrf2 regulates an important proteasome subunit, 20S b5 (46). Our results demonstrate that the effect of paraquat is evident under the condition of DJ-1 deficiency in mice. This combined D) from each group. WS, wild-type mice exposed to saline; WP, wild-type mice exposed to paraquat; DS, DJ-1-deficient mice exposed to saline; DP, DJ-1-deficient mice exposed to paraquat). Band areas of ubiquitinated proteins were quantitated to determine their levels and normalized to the level of b-actin. The quantified values of ubiquitinated protein level are expressed as mean percentage of wild-type mice exposed to saline + SEM (n ¼ 4, each group).
Ã P , 0.05 when compared to DJ-1-deficient mice exposed to saline.
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effect might represent activation of DJ-1 antioxidant function to alleviate oxidative stress produced by paraquat. In the presence of DJ-1, the effect of paraquat may be counteracted by DJ-1. Although dopamine levels were also decreased in paraquat-treated DJ-1-deficient mice, there was no significant cell loss consistent with a previous report on paraquat treatment of DJ-1-deficient mice (49) . It is interesting that dopamine levels in DJ-1-deficient mice after paraquat treatment are similar to that of wild-type mice although behavioral deficit is present in the former group compared to the latter. This finding raises an important point that simple dopamine levels do not necessarily correlate linearly with final behavioral outcome, but the role of dopamine transmission and regulation in combination with other intracellular effects of DJ-1 deficiency may be responsible for the behavioral consequence. In addition, we cannot rule out a possibility that dysfunction in other brain areas may also contribute to overall behavioral abnormality. Therefore, we focused our experiments on the effect of this combination of environmental and genetic factors on proteasome dysfunction, which is one of the key proposed mechanisms of pathology shared by DJ-1 and paraquat, as a potential explanation for the dopaminergic dysfunction that we observed. There is extensive evidence that proteasome impairment is associated with neurodegenerative diseases such as PD, Alzheimer disease, Huntington's disease and prion disease (50, 51) . In particular, the decreases of proteasome activities and proteasome subunits and the formation of protein inclusions have been reported in PD brains (52) . However, the mechanism of proteasome impairment in PD brains is not known.
The present study shows that paraquat in combination with DJ-1 deficiency decreases proteasome activities and increases the levels of ubiquitinated proteins in DJ-1-deficient mice (Figs 3 and 4) . In particular, these phenomena were found in the VMB including SNpc, where similar pathologies have been reported in PD brains (30, 52) . Proteasome activity can be influenced by mitochondrial dysfunction, oxidative modification of proteasome subunits and the alteration of proteasome subunit levels (32, 42, 52) . The impairment of proteasome function leads to the accumulation of ubiquitinated proteins and the formation of intracellular protein aggregates in vitro or in vivo (39, 53) . Paraquat can induce oxidative stress and mitochondrial dysfunction in brain tissues or cultured cells (10, 54) and, therefore, could decrease proteasome activity accompanied by the aberrant accumulation of ubiquitinated proteins via such mechanisms. The antioxidant activity of DJ-1 has been tested in various model systems (55 -57) and the deficiency of DJ-1 increases susceptibility to oxidative stress and produces mitochondrial dysfunction in cultured cells (23, 58, 59) . Thus, our data suggest that two pathological conditions, exposure to paraquat and deficiency of DJ-1 might synergistically induce proteasome dysfunction accompanied by abnormal protein accumulation in the brain.
The current study demonstrates that paraquat decreased ATP levels in DJ-1-deficient mice (Fig. 5) . This pathology was specifically observed in the VMB and not in the striatum. Mitochondrial complexes are tightly linked together to transport electron and produce ATP and thus, dysfunction of mitochondrial complexes might result in the inhibition of ATP production (39) . In support of this idea, the inhibition of mitochondrial complex I leads to the decrease of ATP (60, 61) . Importantly, 19S ATPase subunit of the proteasome complex consumes ATP as an energy source for its function (40) . Therefore, ATP depletion has been proposed to contribute to proteasome dysfunction (42) and this hypothesis is supported by an in vitro study (41) . Paraquat induces mitochondrial dysfunction and ATP depletion in brain tissues or cultured cells (54, 62) . Therefore, our in vivo findings of ATP depletion would be a contributory factor for the observed proteasome dysfunction. DJ-1 has been suggested to contribute to mitochondrial integrity because DJ-1 is localized to mitochondrial matrix and inter-membrane space (63) and the oxidized form of DJ-1 moves into mitochondria, in response to paraquatinduced oxidative stress (64) . Likewise, the knockdown of DJ-1 decreases the activity of mitochondrial complex I in cultured cells (58) . Thus, our data suggest that two pathological conditions, exposure to paraquat and deficiency of DJ-1 might cooperatively induce ATP depletion and contribute to proteasome dysfunction in the brain. Figure 5 . Effect of paraquat on ATP levels in the brain of DJ-1-deficient and wild-type mice. ATP levels were determined in the lysates of the striatum (A) and VMB (B) from each group. WS, wild-type mice exposed to saline; WP, wild-type mice exposed to paraquat; DS, DJ-1-deficient mice exposed to saline; DP, DJ-1-deficient mice exposed to paraquat. Data are expressed as mean percentage of wild-type mice exposed to saline + SEM (n ¼ 9, each group).
Ã P , 0.05 when compared to DJ-1-deficient mice exposed to saline. Figure 6 . Effects of paraquat on proteasome subunit protein levels and Nrf2 in the brain of DJ-1-deficient and wild-type mice. Lysates of the striatum and VMB from each group (WS, wild-type mice exposed to saline; WP, wild-type mice exposed to paraquat; DS, DJ-1-deficient mice exposed to saline; DP, DJ-1-deficient mice exposed to paraquat) were prepared to analyze protein levels of 19S ATPase Rpt6, 20S b5 and Nrf2 by western blotting (A, B) . The levels of each protein were quantified by densitometry analysis of each band and normalized to the level of b actin. The quantified values (Striatum:C-E, VMB: F-H) are expressed as mean percentage of wild-type mice exposed to saline + SEM (n ¼ 4, each group). Ã P , 0.05 when compared to DJ-1-deficient mice exposed to saline.
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The present study shows that paraquat decreases protein levels of proteasome subunits as well. Both 19S ATPase Rpt6 and 20S b5 subunits and a transcription factor Nrf 2 were decreased in the VMB of DJ-1-deficient mice treated with paraquat (Fig. 6) . The reduction of proteasome subunits is also reported in the same region of PD brains (31, 32) and this defect has been suggested to contribute to proteasome dysfunction (9) . In support of this hypothesis, some toxic agents reduce proteasome subunits in cultured cells or brain tissues (65, 66) . It is not known how DJ-1 affects the protein levels of proteasome subunits. However, two recent studies suggest a mechanism by which DJ-1 might be involved in the regulation of proteasome function. In particular, DJ-1 stabilizes a transcription factor Nrf2 (48), which regulates the expression of 20S b5 subunit of proteasome (46) . Thus, our data suggest that two pathological conditions, exposure to paraquat and deficiency of DJ-1 might jointly decrease protein levels of proteasome subunits, and contribute to proteasome dysfunction in the VMB. Therefore, the decrease in proteasomal activity is due to multiple factors including decrease in subunit protein levels as well as other factors such as ATP depletion.
In summary, the current findings provide the evidence that a combination of an environmental factor, paraquat and a genetic factor, DJ-1, might produce motor dysfunction, dopamine deficit and proteasome impairment in the mouse VMB. Future studies are necessary to elucidate the detailed mechanisms and causal relationships about how these two risk factors in combination contribute to these pathologies.
MATERIALS AND METHODS
Materials
Suc-Leu-Leu-Val-Tyr-AMC and Z-Ala-Arg-Arg-AMC were purchased from Calbiochem (Calbiochem, San Diego, CA, USA). Z-Leu-Leu-Glu-AMC and a mouse monoclonal antibody to b-actin antibody were purchased from Sigma (Sigma, St Louis, MO, USA). A rabbit polyclonal antibody to 20S b5 and a mouse monoclonal antibody to 19S ATPase Rpt6 were purchased from Biomol (Biomol International LP, Plymouth, PA, USA). A rabbit polyclonal antibody to nuclear factor erythroid 2-related factor (Nrf2), a goat anti-rabbit secondary antibody and HeLa cell and THP-1 nuclear extract were purchased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA, USA). A rabbit polyclonal antibody to ubiquitinated protein was purchased from DAKO (DAKO, Fort Collins, CO, USA). ECL (enhanced chemiluminescence) Western blotting detection reagent was purchased from GE (GE Healthcare Life Sciences, Piscataway, NJ, USA). ENLIGHTEN ATP assay system bioluminescence detection kit and a goat antimouse secondary antibody were purchased from Promega (Promega, Madison, WI, USA). Gradient (4 -20%) (w/v) sodium dodecyl sulfate polyacrylamide gels were purchased from Bio-rad (Bio-rad Laboratories, Hercules, CA, USA). Polyvinylidene fluoride (PVDF) membrane was purchased from Millipore Corporation (Millipore Corporation, Billerica, MA, USA). Bicinconinic acid (BCA) protein assay kit was purchased from Pierce (Pierce biotechnology, Rockford, IL, USA). The clear or white polystyrene 96-well plates were purchased from Fischer (Fischer Scientific Co., Pittsburgh, PA, USA). Unless indicated, all other chemicals were purchased from Sigma (Sigma, St Louis, MO, USA).
Animals, drug treatment and dissection of brain tissues
DJ-1-deficient mice previously generated were maintained in a climate and lighted room in the University of Chicago and genotyped as previously described (33) . The DJ-1-deficient mice were originated in ES cells of 129 background, and bred to C57BL/6J wild-type, resulting in mixed 129xC57BL/ 6J background. Littermate wild-type mice were used as controls. For biochemical analyses, 4 to 6 month old male mice received intra-peritoneal injection with saline or 10 mg/kg paraquat dichloride once a week for 3 consecutive weeks. Then, mice were sacrificed by CO 2 suffocation 2 days after last injection, and striatum and midbrain were immediately sliced at the thickness of 0.5 mm coronally in a mouse matrix (Zivic Laboratories Inc., Pittsburgh, PA, USA). Then, striatum was dissected at the coordinate between Bregma 1.34 and 0.38 mm (67), while the VMB mainly including substantia nigra area was obtained from the coronal slices (68) . The dissected brain tissues were quickly frozen on dry ice and stored at 2808C until further processing. For behavioral and histological analyses, 4 to 6 month old male and female mice were tested 1 month after the last injection of paraquat and sacrificed for histological analysis after a couple of weeks of behavioral measurement. All animal procedures were approved by the Institutional Animal Care and Usage Committee of The University of Chicago.
Preparation of brain lysates
Frozen brain tissues were disrupted in a cold lysis buffer (10 mM HEPES, 10 mM Tris -HCl, pH 7.6, 0.5 mM EDTA, 1 mM dithiothreitol, 5 mM MgCl 2 ) with a glass homogenizer followed by vigorous vortex for 60 s. Then, the homogenates were centrifuged at 15 000 g for 20 min at 48C to remove cell debris and insoluble materials. The supernatants were collected and stored at 2208C for biochemical analyses. Protein concentrations of supernatants were determined using bicinconinc acid (BCA)-based protein assay kit.
Measurement of proteasome activities
Proteasome activities were measured as previously described with a slight modification (41, 65, 69) . Lysates (50 mg) of the striatum and VMB were mixed with assay buffer (10 mM HEPES, 10 mM Tris -HCl, pH 7.6, 5 mM MgCl 2 , 1 mM dithiothreitol) in a clear polystyrene 96-well plate and then 100 mM fluorogenic substrates linked to 7-amido-4-methylcoumarin (AMC) were added to the mixture. In particular, Suc-LeuLeu-Val-Tyr-AMC, Z-Ala-Arg-Arg-AMC and Z-Leu-Leu-Glu-AMC were used to measure chymotrypsin-like, trypsin-like or peptidylglutamyl-peptide hydrolyzing (PGPH)-like activity of proteasome, respectively. The final volume of mixtures was adjusted to 200 ml of final volume with assay buffer. After incubating the mixtures at 378C for 30 min, the fluorescence signal released from free 7-amido-4-methylcoumarin (AMC) was detected at an excitation wavelength of 380 nm and 
Measurement of ATP levels
ATP levels were measured with an ATP assay kit, which utilizes luciferase to catalyze the formation of luminescence from ATP and luciferin as previously described with the following modification (70) . Lysates (100 mg) of the striatum and VMB were mixed with 100 ml reconstituted solution of ATP assay kit in a white polystyrene 96-well plate. The final volume of mixtures was adjusted into 120 ml with a buffer (10 mM HEPES, 10 mM Tris-HCl, pH 7.6, 0.5 mM EDTA, 1 mM dithiothreitol, 5 mM MgCl 2 ) used to prepare lysates. The luminescence was immediately measured with Tecan Safire 2TM microplate reader (Tecan, Durham, NC, USA).
Western blotting
Lysates of the striatum and VMB (50 mg) were run on a gradient 
Stereological dopamine neuron counting and HPLC
After behavioral tests, mice were perfused with PBS. Brains were cut into halves along the midline. Striata and VMBs of right half brains were dissected on ice, frozen in dry ice powder and stored in 2808C for HLPC. Left half brains were post-fixed in 4% (w/v) paraformaldehyde at 48C for 1 week. The fixed brains were cryoprotected in 30% (w/v) sucrose. The 40 mm sections were cut on. Stereological dopamine neuron counting was performed on 32 mice used in behavioral tests and HPLC was performed in a total of 64 mice. The procedures of stereological dopamine neuron counting and HPLC were described in our previous publication (33) .
Statistical analysis
All values are presented as mean + SEM. Statistical significance was determined with two-way analysis of variance (ANOVA) and the Bonferronìs test for multiple comparison test (SigmaStat Statistical Software version 2.03). A P-value less than 0.05 was considered to be significant.
